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REFLEX EFFECTS OF ACUTE HYPERTENSION IN THE
PULMONARY VASCULAR BED OF THE DOG**
The rapid onset of severe functional disturbances of the cardio-pulmonary
system so frequently seen in pulmonary embolism and primary pulmonary
hypertension suggests that, in many instances, reflex activity of the nervous
system may be playing a major role. Consequently, considerable interest
has been focused in recent years upon the nature of the reflex response
elicited following stimulation of the vascular bed of the lung experimentally.
Churchill and Cope' in 1929 were probably the first to demonstrate
clearly the presence of pressoreceptors in the pulmonary vascular bed. They
showed that acute pulmonary hypertension produced by rapid infusion of
heparinized blood into the right pulmonary artery of the cat resulted in the
simultaneous onset of systemic hypotension, bradycardia and apnea, fol-
lowed by rapid shallow breathing. This response was found to be completely
inhibited by bilateral vagotomy.
In 1935 Schwiegk" in Germany approached the problem by ligating all
the blood vessels of the left lung of the dog and inserting a cannula into the
peripheral end of the left pulmonary artery. He found that by raising the
static pressure in the vascular bed of the lung, a reflex bradycardia and a
decrease in systemic blood pressure resulted. Both of these effects required
the integrity of the vagi. He also found that the reduction of systemic
pressure was associated with peripheral vasodilatation and an increase in
splenic volume.
Parine (1947) in Moscow essentially repeated the work of Churchill and
Cope. However, he made no attempt to measure the respiratory response.
Other investigators using similar methods found the response to be
somewhat different than that described by the above workers. Daly and
associates' (1937) observed that raising the perfusion pressure in the pul-
monary vascular bed of dogs produced a reduction of systemic pressure, but
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a decrease or increase in heart rate, and occasionally an increase in
respiratory rate.
Aviado and his coworkers,2 (1951) also using perfusion techniques,
reported that when the perfusion pressure of the pulmonary vascular bed
of dogs was raised after first clamping the left pulmonary veins, there
resulted a fall in systemic blood pressure, no change in pulse rate, and an
increase in the respiratory rate. Perfusion at high pressures with the pul-
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FIG. 1. Diagram of infusion apparatus. A = compressed air line. B = mercury
manometer for measuring pressure in saline reservoir. C = exhaust line (air). D =
screw clamp for regulating resistance in exhaust line and consequently pressure in
saline reservoir. E = water bath at 370 C. F = thermometer. G = saline reservoir.
H = conductor. I = heat source. J = saline infusion line. K = manometer for
measuring approximate pressure in infusion line. L = pinch clamp. M = infusion
cannula. N = cannula for precise measurement of pressure in left P.A.
monary veins open was found to elicit no response. These workers showed
that the response was completely inhibited by ipsilateral vagotomy. They
concluded that the bradycardia observed by others was due to stimulation
of pressoreceptors in the region of the bifurcation of the main pulmonary
artery and not to a component of the reflex elicited by increasing the
pressure in the peripheral pulmonary vascular bed.
Much has been written on the subject of pressoreceptors in the pulmonary
vascular bed, and it is apparent that there is a rather wide divergence of
opinion regarding the nature of the reflex response. Further work on this
problem, therefore, appears to be in order.
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Volume 30, September 1957FIG. 2. Snares, guide cannula, and infusion cannula. It is to be noted that two snares
were used in each preparation, one for the upper and middle lobe veins and one for
the lower lobe vein of the left lung.Reflex effects of pulmonary hypertension DOWNING
MATERIALS AND METHODS
The approach was to perfuse the entire left lung of the intact dog with normal saline
at body temperature under variable pressures and rates of flow and to measure simul-
taneously (i) the perfusion pressure and rate of flow, (ii) the femoral arterial pressure,
(iii) the pulse rate, (iv) the main pulmonary arterial pressure, and (v) the intra-
pleural pressure (as an index of respiratory rate and depth).
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FIG. 3. Dog i444. Effect of introduction of 10 micrograms per kilogram of veratri-
dine into the left P.A. Pf = pressure in femoral artery. Pi = intrapleural pressure.
B = base lines. Pm = pressure in main P.A. P1 = pressure in left P.A. The char-
acteristic response of this drug is seen to be a drop in systemic blood pressure,
bradycardia and apnea, occurring 6 sec. after the injection. With the pulmonary veins
occluded, it would appear that the response is due to the stimulation of receptors in
the pulmonary vascular bed. Consequently, the material was used to determine if acci-
dental denervation of the lung had occurred during the surgical preparation. The
similarity of the response to that of acute hypertension in the same vessels is striking.
The second elevation of the P1 tracing is due to the "washing in" of the drug with a
few cc of saline. Time lines in seconds.
Infusion apparatus. In order that the perfusion pressure and rate of flow be
accurately regulated and recorded, a special apparatus was constructed (Fig. 1). It
consisted of a calibrated reservoir of infusion fluid (0.85 per cent sodium chloride
solution) placed in a constant temperature bath, two mercury manometers, and the
necessary tubing. Air under pressure was introduced into the top of the infusion
reservoir and allowed to escape by way of an exhaust line also leading from the top
of the reservoir. Hence, the pressure within the reservoir could be controlled by regu-
lating with a screw clamp the resistance to egress of the air through the exhaust line.
The pressure within the reservoir was measured with a mercury manometer. A second
manometer was placed in the system between the reservoir and the infusion cannula in
order to estimate the pressure in the pulmonary vascular bed at the time of the infu-
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sion. This latter manometer was only for convenience, the actual pressure in the left
pulmonary artery being accurately recorded by way of a cannula placed directly within
the perfused vessel. Connected to the end of the infusion tubing was one limb of a
glass "Y." The stem of the "Y" was attached to the infusion cannula. The other limb
was sealed by a rubber diaphragm. A #15 needle was used to perforate the diaphragm,
and through this was passed a small cannula to extend through and 1 cm beyond the
end of the infusion cannula into the left pulmonary artery. When the needle was
removed from the diaphragm, a water-tight seal was left. This cannula so placed was
used to measure the induced pressure in the left pulmonary vascular bed.
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FIG. 4. Dog #444. Introduction of 10 micrograms per kilogram veratridine into left
P.A. after ipsilateral cervical vagosympathectomy. Compare with Fig. 3. Pf =
pressure in femoral artery. Pi = intrapleural pressure. B = base lines. Pm = pressure
in main P.A. P1 = pressure in left P.A. It is seen that the effects of veratridine as
shown in Fig. 3 are abolished by denervation. Time lines in seconds.
Calculation of perfusion pressure. In those instances where the perfusion pressure
could not be recorded for technical reasons, the pressure was determined by the
formula: R = P-
- P2 or expressed differently: P2 = Pi - RF where P2 is the F
pressure at the orifice of the infusion cannula; P, is the pressure in the saline reser-
voir; F is the measured rate of flow of the saline through the infusion apparatus; and
R is the resistance to flow through the infusion apparatus for that rate of flow that
occurs during the infusion. This rate was established by measuring the flow through
the apparatus at different reservoir pressures when the pressure at the orifice of the
cannula was zero (atmospheric). A graph expressing the resistance to flow through
the apparatus in relation to the rate of flow was constructed utilizing the first formula
above when the pressure at the orifice of the cannula was zero. From this graph could
be read the R for that rate of flow that occurred during an infusion. This could then
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be used as "R" in the second formula in order to calculate the P2, or pressure, at the
orifice of the infusion cannula.
Inspection of the data shows that where comparison of the recorded and calculated
perfusion pressures is possible, the figures were in agreement generally, differing from
O to 9 mm Hg, with one exception in which the difference was 23 mm Hg.
Cannulae and snares. In order that the experiment might be performed on animals
with thorax closed, it was necessary to construct various cannulae (Fig. 2) accessible
from the skin. Consequently, into each animal was surgically placed (i) an infusion
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FIG. 5. Dog $444. Events following infusion of 100 cc saline with the pulmonary
veins open. Pf = pressure in the femoral artery. Pi = intrapleural pressure. B = base
lines. Pm = pressure in main pulmonary artery. P1 = pressure in the left pulmonary
artery (infusion pressure). Minimal fluctuation of systemic blood pressure and no
change in heart rate are observed after rapidly raising the pressure in the left P.A.
from 0 to 116 mm Hg. There is no change in respiratory rate, the diminution of depth
probably being due to the volume of fluid introduced. The main P.A. pressure is seen
to rise only slightly. Time lines in seconds.
cannula into the left pulmonary artery, (ii) a guide cannula sutured to the main pul-
monary artery through which a 19-gauge lumbar puncture needle could be passed
for the purpose of measuring the main pulmonary arterial pressure,8 and (iii) two
specially designed snares for the pulmonary veins, by means of which the venous
return of the left lung could be occluded or opened at will. With these aids, the
necessary manipulations could be performed from the exterior of the animal.
Veratridine. Veratridine, a member of the veratrum alkaloid group, known to stimu-
late certain receptors in the cardiovascular system,'-','-',' was used to ascertain
whether denervation of the pulmonary vascular bed had occurred accidentally during
surgical manipulations in the region of the hilar plexus of nerves. This compound was
shown by Dawes, Mott, and Widdicombe and others to produce the sudden onset of
apnea, bradycardia, and hypotension when injected into the vascular system, this being
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a reflex response dependent upon the integrity of the vagi. Aviado' showed that injec-
tion of the substance into the pulmonary artery produced immediate apnea, and that
the bradycardia and hypotension did not occur until approximately six seconds after
the injection. He concluded that the apnea was due to the stimulation of receptors
present in the pulmonary vascular bed. This latter finding was used as a method of
demonstrating the probable presence of intact pathways over which a reflex response
could be mediated. Any failure of response would not, therefore, be on the basis of
accidental denervation during the surgical procedure. For this purpose, veratridine in
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FIG. 6. Dog $444. Results of infusion of 100 cc saline with left pulmonary veins
occluded. Pf = pressure in femoral artery. Pi = intrapleural pressure. B = base lines.
Pm = pressure in main pulmonary artery. P1 = infusion pressure in left P.A. The
pressure in the left P.A. is raised from 0 to 142 mm Hg. The systemic blood pressure
is seen to drop from a mean of 126 mm Hg to 88 mm Hg, the heart rate to drop from
180/min. to 90/min., and the respirations to cease. These responses have their onset
simultaneously 6 sec. after starting the infusion. It is observed that the main P.A.
pressure drops 2 to 3 mm Hg. Time lines in seconds.
doses of 10 micrograms per Kg was injected into the left pulmonary artery after
closing the snares and occluding the venous return from the lung (Figs. 3 and 4).
Preparation of animals. The dogs were divided into two groups, chronic and acute.
In the former, the animals were prepared surgically under the usual aseptic conditions
ten to fourteen days prior to the experiment. Fourteen dogs were prepared in this
group, of which four could not be used for various technical reasons. Eight were
prepared for acute experiments. In this latter group, one could not be used because of
death immediately following the surgical preparation. It is important to note that, in
the acute as well as the chronic group, the chest was closed and the animal allowed to
breathe room air entirely at his own volition. It would appear, therefore, that the two
groups are comparable in this respect in terms of responses obtained. The effects of
pulmonary hypertension induced by rapid saline infusion on the animals prepared in
this manner were recorded by means of a Hathaway multichannel electronic recorder.
48
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EXPERIMENTAL PROCEDURE
The animals were anesthetized very lightly with Na thiopental intravenously titrated
in such a way that they maintained an active eyelid reflex. An incision was made in
the skin overlying the ends of the cannulae and the latter were exposed. A $19 lumbar
puncture needle was passed through the guide cannula into the main pulmonary artery.
The infusion apparatus was attached to the left pulmonary artery cannula. The left
femoral vessels were cannulated, the femoral artery being used for recording systemic
pressure changes and the femoral vein for infusion of the anesthetic. A small poly-
ethylene cannula was inserted through the right chest wall through a $15 needle for
recording intrapleural pressure changes. The left pulmonary artery infusion pressure
was recorded by passing a polyethylene cannula with internal diameter of .034 inches
into the left pulmonary artery through the lumen of the infusion cannula. The can-
nulae were then attached to transducers of the electronic recorder and the various
pressures recorded. It is to be observed that the animal was breathing air spontane-
ously and was otherwise an essentially intact, normal dog, with the exception of
having only one lung (the right) available for respiratory exchange. The animals were
not heparinized systemically, but heparin was used in the various cannulae to keep
them free of clot.
The experiment was performed in the following way:
1. Base lines were obtained
2. The Hathaway machine was standardized
3. 100 cc of normal saline at 370 C. were introduced into the left pulmonary
artery at a pressure of 200 mm Hg in the saline reservoir
4. The pulmonary veins of the left lung were occluded by pulling up the snares
5. 100 cc saline at 200 mm Hg, as above
6. 100 cc saline at 160 mm Hg, as above
7. 100 cc saline at 100 mm Hg, as above
8. Right vagosympathetic nerve severed in the cervical region
9. 100 cc saline at 200 mm Hg, as above
10. 10 micrograms per kilogram body weight of veratridine introduced into the
left pulmonary artery.
11. Left vagosympathetic nerve severed in the cervical region
12. 100 cc saline at 200 mm Hg introduced, as above
13. Veratridine, 10 micrograms per Kg introduced, as above
14. Machine recalibrated
15. Animal sacrificed.
It should be mentioned that after each infusion the pulmonary vein snares were
opened in order to prevent the development of pulmonary edema from loading the pul-
monary vascular bed with several hundred cubic centimeters of saline. Ample time
was allowed following reclosure for equilibrium to occur.
RESULTS AND DISCUSSION
Twenty-two animals were prepared as described. Of these, five died of
various causes prior to the recording. In the first six of the recorded series,
no response was obtained because of the very small rate of perfusion
obtained (less than 0.5 cc per second) through the small perfusion can-
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nulae #205 (internal diameter of 0.062 inches) utilized in the first eight
dogs of the series. Larger cannulae with an internal diameter of 0.115
inches were used in the subsequent preparations. In two of the animals
prepared with the larger cannulae, the cannulae were found at post mortem
to have slipped out of position, one into the left lower lobe and one into
the lingular lobe. No response was observed when these animals were
perfused.
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FIG. 7. Dog $444. Results of introduction of 100 cc saline. Pulmonary veins (left)
occluded. (Fourth infusion.) Pf = pressure in femoral artery. Pi = intrapleural
pressure. B = base lines. Pm = pressure in main P.A. P1 = pressure in left P.A.
(infusion). This represents a repetition of the infusion shown in Fig. 6. A drop of
systemic pressure of 38 mm Hg, bradycardia (180 to 90/min.), and apnea are observed.
The main P.A. pressure is seen to drop slightly. The left P.A pressure in this infusion
is also 142 mm Hg. The onset of the response is 6 sec. after the start of the infusion.
Time lines in seconds.
Twenty-nine observations were recorded on the nine remaining dogs in
the manner described above, which demonstrated responses to acute pul-
monary hypertension (Figs. 6, 7, and 8). Fourteen responses were ob-
served in the four chronic dogs and fifteen responses in the five acute
experiments. In the first two dogs of the chronic group, the smaller can-
nulae were used and the infusion pressure was not recorded. However,
when adequate flow and, consequently, adequate pressure were obtained by
using very high pressures in the infusion reservoir, a striking response
occurred. In all of the chronic animals with the infusion cannulae in the left
pulmonary artery for ten to fourteen days, clotting occurred in the region
of the orifice of the cannula to a variable extent. This was cleared as much
as possible by aspiration, utilizing a cannula passed through the infusion
SO
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cannula. However, there was always some clot left in the vessel which
narrowed its lumen at a point slightly distal to the orifice of the infusion
cannula. This obstruction resulted in an unusually high perfusion pressure
just proximal to the clot and suggests that the remainder of the vascular
bed was being perfused at a much lower pressure relative to this proximal
segment. This interpretation is borne out when one compares the pressure
required to produce comparable responses in the chronic and the acute
groups. For example, in dog #444 of the chronic group (Table 1), a re-
corded pressure of approximately 135 mm Hg produced a drop of 37 mm
._~~~~~~~~~~~~~~~~~~~ 4
FIG. 8. Continuation of Fig. 7. About 0.4 sec. of recording between the two figures
not included. It is seen that there is 'vagal escape' in that the systemic pressure, the
heart rate and the respirations begin to return to the pre-infusion state while the
pressure in the left P.A. is still elevated. Time line in seconds.
Hg in systemic pressure. Whereas in dog #7-0 of the acute group (Table
2), the same degree of hypotension resulted from a pressure of only 42 mm
Hg in the left pulmonary artery. Also, evidence of increased resistance to
flow is suggested in comparing dog #444 of the chronic group (Table 1) in
which a left pulmonary artery pressure of 80 mm Hg produced a flow of
only 0.9 cc per second, while a comparable pressure of 86 mm Hg in dog
#5-0 of the acute group (Table 2) resulted in a flow of 3.8 cc per second.
It is to be noted that in none of the animals of either group was a
response observed when perfusion of the lung was carried out with the
venous return unobstructed (Fig. 5).
The results showed an average of 1 mm Hg drop in systemic pressure for
each 2.4 mm Hg elevation of perfusion pressure in the left pulmonary
artery with a range of 1 to 1.1 to 1 to 3.1. This compares closely with the
findings of Churchill and Cope who found a 1 mm Hg drop in systemic
pressure for each 2.3 mm Hg rise in perfusion pressure in the cat.
Bradycardia was found almost consistently to be a component of this
52
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reflex (27 out of 29 observations) in contrast with the observations of
Daly et at., who found a decrease or increase in heart rate, and with Aviado,
who found no change in the heart rate. It was the suggestion of Aviado
that the other workers who had found bradycardia as part of the response
may have been stimulating receptors in the region of the bifurcation of the
pulmonary artery. The pressure recordings in the main pulmonary artery
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FIG. 9. Dog $444. Result of infusion of 100 cc saline after ipsilateral cervical vago-
sympathectomy. Pulmonary veins occluded on left. Pf = pressure in femoral artery.
Pi = intrapleural pressure. B = base lines. Pm = pressure in main P.A. PI =
pressure in left P.A. It is seen that raising the pressure in the left P.A. to 120 mm Hg
produces no effect on the systemic blood pressure, heart rate or respiration following
denervation. Time lines in seconds.
showed a rise of not more than 3 mm Hg, and, more commonly, the
pressure in this vessel fell during the infusion. Therefore, in agreement
with Churchill and Cope, it is concluded that bradycardia is a part of the
response to hypertension in the pulmonary vascular bed distal to the
bifurcation of the main pulmonary artery.
The effects of the perfusion on the respiration of the animals were not
as consistent as the other findings. Churchill and Cope found that a period
of apnea followed by rapid, shallow breathing occurred in the cat. Aviado
found that the response was characterized by an increase in the respiratory
rate without a preceding period of apnea. In the present study it was found
that, in six of the nine dogs, the response was one of depression, apnea, or
bradypnea, followed in a few seconds after the infusion had been terminated
by a resumption of the original rate, or nearly so. The period of apnea,
when it occurred, lasted from 10 to 20 seconds. In three of the animals,
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however, the response was that of rapid, shallow breathing during the
infusion, followed by a resumption of the original rate. The reason for this
difference in response is not readily apparent from the data.
It was observed that all the components of the reflex response occurred
simultaneously six to seven seconds after starting the infusion. Severing
the contralateral vagosympathetic nerve in the cervical region did not
appear to inhibit the reflex. However, severing the ipsilateral nerve abol-
ished the response entirely (Fig. 9).
In accord with the findings of Daly and co-workers and Aviado and
associates, a response to the high perfusion pressure did not occur when the
pulmonary vein snares were left open and the venous return of the lung was
unimpeded (Fig. 5).
An additional observation of interest is that of the phenomenon of "vagal
escape." In Figure 8 it is seen that the heart rate and blood pressure have
begun to return to pre-perfusion values and that respiratory activity has
returned while the pressure in the left pulmonary vascular bed is still
elevated to the same level as that at the beginning of the perfusion.
Of 24 instances where such an observation could be made the phenome-
non was observed seven times. This includes at least one such observation
in five out of six animals. Twenty-two seconds or more (22 to 33) of per-
fusion was required before "escape" occurred with one exception in which
the phenomenon appeared after only 16 seconds of perfusion. Why this
phenomenon was not observed during the remaining 17 perfusions may be
related to numerous ill-defined factors. In nine of them the period of per-
fusion was 22 seconds or less. This may represent insufficient time for the
phenomenon to occur in view of the fact that in two of the seven instances
where "escape" did occur, 31 and 33 seconds respectively of perfusion were
required. In only four out of the 24 perfusions was the phenomenon not
observed when the perfusion was prolonged for more than 31 seconds. The
reason for the failure of "escape" to occur in these four instances is not
readily apparent.
This observation may help to explain the brief nature of the episode of
shock, bradycardia, and respiratory arrest frequently seen in cases of
primary pulmonary hypertension. It may also help to explain why patients
with other forms of chronic pulmonary hypertension do not manifest con-
tinuous bradycardia, systemic hypotension, and respiratory difficulties.
SUMMARY AND CONCLUSIONS
This study demonstrates that the response of the intact dog to acute
hypertension in the peripheral pulmonary vascular bed consists of three
components:
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1. A drop in systemic pressure
2. Bradycardia
3. A change in the respiratory pattern (depression or stimulation).
All of the components have their onset simultaneously about 6 to 7 seconds
after beginning the infusion. None of the components is observed to occur
following ipsilateral vagotomy.
Bradycardia occurs as a component of the reflex in the absence of
increased pressure in the main pulmonary artery.
The phenomenon of "vagal escape" was found to be characteristic of this
reflex.
Veratridine was used to demonstrate the presence of intact nerve
pathways.
The fact that the response occurs only when the pulmonary venous
drainage is obstructed would suggest that the majority of the receptors are
located in the distal pulmonary vascular bed.
This study corroborates in the dog the original findings in the cat of
Churchill and Cope regarding the response of the cardiovascular system to
acute pulmonary hypertension. The respiratory response, however, was
found to be less consistent in character and somewhat different than that
described by these investigators.
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